INTRODUCTION 4 4
High microbial diversity has been observed in almost all environments that have been examined 4 5 (Gibbons and Gilbert 2015) . It is widely believed that this diversity provides functional stability nosZI and nosZII) (Fig 3, Fig S3A and Fig S4A) . Both genes encoding activities involved in 1 3 1 nitrification had extremely low phylotype diversity, amoA (ammonia oxidase) with 2 phylotypes, 1 3 2 one bacterial and one archaeal, and nxrA (nitrite oxidase alpha subunit) having 7 observed, but 1 3 3 one overwhelmingly dominant phylotype (Fig S5A) . The low richness for amoA exaggerates the 1 3 4 7 phylotype abundance variance values, thus we consider the low richness to be the significant 1 3 5 aspect of the amoA gene. Community dynamics appeared to largely recycle a fixed pool of taxa. A cumulative diversity 1 3 7 (inverse Simpson) plot showed all genes except nosZ plateauing or declining, indicating that the 1 3 8 establishment of novel organisms with these genes into the community is rare (Fig 4) . Seasonal 1 3 9 effects were also observed. The amoA phylotype content was stable early and variable late, while 1 4 0 narG, norB, and nirKS showed the reciprocal pattern, and nxrA showed no change in the level of involved in denitrification and nitrification, the sets of all (i.e., unassembled) metagenomic reads 1 4 5 containing sequence from the genes of interest were enumerated, and the representation of each 1 4 6 gene within the community was normalized across samples using counts of the conserved, were relatively constant over time, the average abundances differed widely between genes. The 1 4 9 2 3 2 richness for the genes representing the individual activities varied, ranging from 52 phylotypes 2 3 3 for nitrate reduction (narG) to 23 phylotypes for nitrite reductase (nirK and nirS) (Fig 6) . This 2 3 4 observation supports the concept that denitrification genes are distributed among members of the 2 3 5 community as partial pathways or individual genes (Bru et al. 2011; Keil et al. 2011 ). Further, 2 3 6 there was a surprising distribution of nitrous oxide reductase genes, with the type II form 2 3 7 (nosZII), which is typically found in non-denitrifying organisms (Sanford et al. 2012) , having 2 3 8 much greater abundance and richness (49 phylotypes) than the type I form (nosZI, 2 phylotypes). Temporal variance of within-gene diversity for genes involved in both nitrification and 2 4 0 denitrification demonstrates that the organisms encoding these activities are sensitive to different 2 4 1 ecological selection pressures and thus different strategies are required to maintain functional 2 4 2 potential in response to perturbation. For genes with high phylotype richness, high temporal 2 4 3 abundance variance indicates a changing phylotype profile (nirKS, norB). These functions may 2 4 4 be maintained through resilient microbial taxa that recover rapidly from environmental change. Conversely, low temporal variance (narG, nosZ) indicates a stable phylotype profile. These It is notable that while all genes associated with denitrification had high phylotype richness (in 2 5 0 contrast to nitrification genes), the genes associated with intermediate reactions had higher 2 5 1 temporal diversity variance than narG (Fig 2) , which encodes the initial step in denitrification 2 5 2 (i.e., nitrate reduction). One explanation for the observed differences could be that there are 2 5 3 different levels of competition for the substrates fueling each activity. Intermediate substrates 2 5 4 nitrite and nitric oxide may be produced slowly and/or consumed quickly, especially considering 2 5 5 there are multiple cellular processes for which they are intermediates and they are both toxic to water ratios appear to be a major influence on N-cycling functional potential in microbial 2 6 4 communities. Increase in groundwater content corresponded to increasing per-capita abundance 2 6 5 of nitrification genes and decreasing abundance/increasing diversity of denitrification genes. The 2 6 6 nirKS and norB gene families, which displayed similar high phylotype turnover behavior, were 2 6 7 not similar in their response to the environmental parameters measured, with nirKS showing a 2 6 8 decrease in richness in response to groundwater while norB showed a decrease in abundance. The narG and nosZ gene families, which showed more stable profiles, both increased in diversity 2 7 0 in response to groundwater, however, nosZ did so through increased richness, while narG likely 2 7 1 gained evenness through reduced abundance of dominant phylotypes. Organic carbon (NPOC) 2 7 2 1 3 had a much weaker association with gene-level metrics, relative to groundwater. A group of co-2 7 3 occurring organisms with a negative correlation to groundwater has been reported in this 2 7 4 sediment system (Graham et al. 2017) . The group is dominated by Alpha-, Beta-and 2 7 5
Gammaproteobacteria, Bacteroidetes and Planctomycetes, the same taxa that encode nearly all of 2 7 6 the identified denitrification genes. Strong homogenous selection was shown to be the 2 7 7 mechanism structuring this group (Graham et al. 2016a) . Taken together, these data suggest that 2 7 8 some factor other than carbon that is within the groundwater is the selective force driving the 2 7 9 diversity dynamics of these organisms carrying N-cycling genes. A likely candidate is the N 2 8 0 content of groundwater, which is significantly higher than that of the surface water (Stegen et al. individual component steps of biogeochemical processes, we use the analogy of an electrical 2 8 9 circuit (Fig 7) . Continuity from one step to the next is required for the full process/circuit to 2 9 0 function. To preserve integrity of the circuit there is parallelization within each component step, whereby there are multiple options for completing a given step (Condition A). In a biological 2 9 2 context, this manifests as multiple organisms encoding the same activity through different alleles gene, or the organism encoding that gene is eliminated from the community. The function is 2 9 6 maintained by the availability or introduction of alternates that can function under the new 2 9 7 conditions (Condition B). Conditions may exist, however, under which no options for a given 2 9 8 component step are available to the system, for example if an anaerobic system was exposed to 2 9 9 sufficient oxygen to inhibit nitrous oxide reductase activity. This scenario will prevent the full 3 0 0 biogeochemical process (e.g., denitrification) from completing, at least temporarily, even if the as a chain is only as strong as its weakest link, the ability of a metabolic pathway to continue We propose that accounting for the influence of environmental variation on realized function to among-step variation in within-gene diversity and dynamics. We also contend that 3 1 7 there is a need to incorporate within-gene diversity into our conceptualization of diversity and focus on understanding the ecological processes governing diversity within individual genes.
1 9
Merging such ecological knowledge with mechanistic biogeochemical models should improve 3 2 0 our ability to predict biogeochemical function under future environmental conditions. Sampling. Sediment communities were captured using sand packs incubated within piezometers for 10-15 minutes. Following the purge, water was pumped through 0.22 µm polyethersulfone 3 3 5
Sterivex filters for 30 minutes. Filtered water was used for water chemistry analysis. Water Chemistry. Water chemistry was determined as previously described (Graham et al. Inc., Carlsbad, CA) following manufacturer's instructions with the addition of a 2 hour 3 5 4 proteinase-K incubation at 55 o C prior to bead-beating to facilitate cell lysis. Sequencing. Genomic DNA purified from sandpack samples was submitted to the Joint Genome sequencer. Results from the sequencing are presented in Table S1 . Data sets are available 3 5 9 through the JGI Genome Portal (http://genome.jgi.doe.gov). Project identifiers are listed in Table   3 6 0 S1. Output was screened for reads with a significant score (e-value ≤ 1e-25) against the HMM. Raw interest were assembled from the combined metagenomic datasets using the Xander assembler Table 1 and associated required files. Resulting was determined as described below, and plotted using R. used to measure beta diversity. Values were averaged for both the total dataset and the T4 dataset For turnover heatmaps, assembled sequences were searched against the read set to estimate 3 9 0 individual abundances. Sequences were then clustered into phylotypes at 90% identity, and 3 9 1 abundances summed. The relative abundance of each phylotype was then determined by dividing 3 9 2 its abundance by the summed abundance of all phylotypes of the gene in question. Trees were 3 9 3 determined from nucleic acid sequence alignments (mafft) using the maximum-likelihood 3 9 4 approach implemented in FastTree. Inverse Simpson statistic for the assembled sequences was The authors declare no conflicts of interest, financial or otherwise, regarding the design, were combined; archaeal and bacterial amoA types were combined) and the difference from the decrease in evenness between the bacterial and archaeal phylotypes (Fig S5A) , whereas the early 4 3 2 decrease for nirKS was driven largely by species loss (Fig S3A) . green steps are active, neither of the orange steps are, preventing production of I2 and P. 
